Treatment of Swarm rat chondrosarcoma chondrocytes for 3 days in media containing either nonrecombinant pig or recombinant human insulin (1 ,tg/ml) 
INTRODUCTION
The Swarm rat chondrosarcoma chondrocyte synthesizes and secretes molecules that make up the extracellular matrix of cartilage. Growth of this tumour in vivo depends on insulin (Salomon et al., 1979) as well as other hormones (Salomon et al., 1979; McCumbee et al., 1981) . We have reported that the rate of proteoglycan synthesis by this transformed cell is considerably higher than that obtained by any other mesenchymal cell upon exposure in vitro for > 24 h to physiological concentrations of non-recombinant insulin, insulin-like growth factor (IGF)-I or IGF-II Foley et al., 1982) . It has been reported that physiological concentrations of insulin also increase the rate of synthesis of collagen (Bembenek et al., 1982) and hyaluronic acid (Mason et al., 1982) .
Competitive binding experiments with radiolabelled and unlabelled 3,3',5-tri-ido-L-thyronine (T3), insulin, IGF-I and IGF-II have revealed distinct plasmamembrane binding proteins and/or receptors on this cell for each of these hormones (Foley et al., 1982; Stevens et al., 1986) . Using anti-insulin-receptor antibodies, we found that insulin stimulates proteoglycan synthesis via the insulin receptor rather than the IGF-I receptor or the IGF-II receptor (Foley et al., 1982) . Furthermore, in contrast with most other cell types (Gavin et al., 1974) , long-term exposure of chondrosarcoma chondrocytes to pig insulin resulted in an increase in the number of insulin receptors on the plasma membrane (Stevens et al., 1983) . This unusual insulin effect appeared to be relatively specific, because insulin did not significantly increase the plasma-membrane binding of 125I-T3 (Stevens et al., 1986) or 125I-IGF-II (Stevens et al., 1983) . Likewise, culturing the chondrocytes in medium that contains sufficient concentrations of rat IGF-II to induce a 2-fold increase in the basal rate of proteoglycan synthesis did not influence the extent of plasma-membrane binding of either "25I-insulin or 125I-IGF-II (Stevens et al., 1983) .
Because of these findings, we proposed that the insulininduced increase in the number of plasma-membrane insulin receptors might be an abnormality in metabolic control that facilitates growth of the tumour in vivo.
As described herein, we used recombinant human insulin to demonstrate that it is unlikely that a contaminant in the commercial preparations of insulin induces proteoglycan synthesis and expression of the insulin receptor. Both the total and plasma-membranelocalized insulin receptors increased in number after 4 days of culture in insulin-containing media. This insulinstimulated increase in the number of insulin receptors is primarily the result of a decreased rate of receptor VoL 254 . Student's two-tailed t test was used to determine statistical differences in the rate of incorporation of [35S]sulphate and statistical differences in the specific binding of 'l25-insulin (see below). Measurement of total, cell-surface and intracellular insulin receptors
Binding of '25I-insulin to the plasma-membranelocalized insulin receptor was carried out as follows. Each culture was incubated in room air at 4 "C for 6 h with 1 ml of ice-cold Binding buffer (1 mM-EDTA, 0.1 MHepes, 0.12 M-NaCl, 1.2 mM-MgSO4, 2.5 mM-KCl, 10 mM-glucose and 0.5% insulin-free BSA, pH 8.0) containing 105d.p.m. of "25I-insulin (-0.02 pmol) in the presence or absence of 10 ,tg of pig insulin/ml (2 giM). The radioactive solution was aspirated from each plate, the monolayer was quickly washed with 3 x 2 ml of icecold Binding buffer, and the cells were solubilized with 1.5 ml of 4 M-guanidine hydrochloride containing 0.1 % (w/v) Zwittergent 3-12. The radioactivity present in each extract was quantified with a Searle Analytic y-radiation counter.
Chondrosarcoma cells were incubated with trypsin in order to assess the relative distribution of insulin receptors that were in the plasma membrane or in an intracellular compartment (Marshall, 1985) . Ice-cold Hanks' balanced salt solution (4 ml) containing 0.10% insulin-free BSA and trypsin (1 mg/ml) was added to each 60 mm culture dish of chondrocytes. The cultures were incubated at 4 "C for 20 min. Before solubilization and quantification of the number of receptors, the trypsin-treated cultures were washed with 3 x 6 ml of ice-cold Hanks' balanced salt solution containing 1 % insulin-free BSA, 0.1 mg of soya-bean trypsin inhibitor/ml, 10 mM-glucose, 15 mM-Hepes, 10 mM-Bes and 10 mM-Tes, pH 7.2. The chondrocytes remained adherent to the plastic culture dishes under these conditions, but > 90 % of the cell-surface insulin receptors were degraded, as assessed by their subsequent failure to bind 1251-insulin.
Usually insulin receptors were solubilized from 60 mm dishes containing 7 x 106 chondrocytes. The culture media were aspirated, and the monolayers were washed three times at 22 "C with 6 ml of Hanks' balanced salt solution containing 1% insulin-free BSA, 0.1 mg of soya-bean trypsin inhibitor/ml, 10 mM-glucose, 15 mmHepes, 10 mM-Bes and 10 mM-Tes, pH 7.2. Between the second and the third washes, the chondrocytes were incubated at 37 "C for 30 min, to promote degradation ofplasma-membrane receptor-bound insulin. The chondrocytes were removed from the plastic culture dishes by gently scraping. Cells were centrifuged (150 g), resuspended at a density of 3 x 106 cells/ml in 50 mM-Tris/ HCl containing 1 % (w/v) Triton X-100 and 300 units of aprotinin/ml, pH 7.4, and sonicated at 4 "C with a Branson Sonifier (30 pulses, 50 % power cycle). After centrifugation at 8000 g for 10 min at 4 "C, the Triton X-100 extracts were diluted 5-fold with phosphatebuffered saline (0.14 M-NaCl/3 mM-KCl/10 mM-sodium phosphate), pH 7.2, and applied at 22 "C to 1 ml columns of WGA-agarose to remove non-specific 125I-insulin-binding activities ( (n = 3).
of phosphate-buffered saline, pH 7.2, containing 0.2% Triton X-100. Over 90 % of the solubilized insulin receptors were recovered in the eluates when the columns were washed with 3 ml of phosphate-buffered saline containing 0.2% Triton X-100 and 0.5 M-N-acetylglucosamine. A 50 ,1 portion of each extract was added to 20,1 of Binding buffer containing 50000 d.p.m. of 125I-insulin (-0.01 pmol) in the absence or presence of 10 jug of pig insulin/ml. After a 2 h incubation at 22 IC, 0.5 ml of Hanks' balanced salt solution containing 0.1 % (w/v) bovine immunoglobulin was added, followed by 0.5 ml of 25 % (w/v) poly(ethylene glycol) in water. The samples were mixed well, and incubated in an ice bath for at least 30 min. The mixtures were filtered under reduced pressure on hydrophilic Durapore membranes (Cuatrecasas, 1972) to remove free 1251-insulin from that bound to the receptor. After washing the membranes with 3 x 1 ml of ice-cold 8 % poly(ethylene glycol) in 0.1 M-phosphate buffer, pH 7.5, the membrane-bound radioactivities were quantified.
Alternatively, a 5 min centrifugation at 8000 g at 4°C was used to separate the 1251-insulin/insulin-receptor complex from free 125I-insulin. The supernatants were aspirated; the pellets were washed with 1 ml of ice-cold 8 % poly(ethylene glycol) and analysed for radioactivity. Heavy-isotope density-shift experiments
The heavy-isotope density-shift method of Reed & Lane (1980) was used to monitor the synthesis and degradation of the chondrosarcoma chondrocyte's insulin receptor. After culturing for 3' days under standard culture conditions, the cell monolayers were washed twice .with Hanks' balanced salt solution, and 5 ml of fresh DMEM containing heavy (2H, 13C, 15N) amino acids were added. For the preparation of heavy DMEM, 100 ml of heavy-isotope-labelled amino acids was added to 100 ml of amino acid-free DMEM along with 3 mg of non-labelled cysteine, 6 mg of glutamine, 0.8 mg of histidine, 2 mg of lysine and 0.8 mg of tryptophan. After various times at 37 IC in 5 % CO2, the cells were washed with 3 x 6 ml of Hanks' balanced salt solution containing 1 % insulin-free BSA and 10 mM-glucose. Between the second and the third washes, the cells were incubated at 37°C for 30 min in 5 % CO2 to dissociate receptorbound insulin. The 'light' and 'heavy' insulin receptors were solubilized and purified by the WGA-agarose chromatographic technique described above. Samples (3 ml) of the eluates from the lectin columns were mixed with 2 ml of CsCl (1.098 g of CsCl/ml) in 50 mM-Tris/ HCI, pH 7.4, containing 400 units of aprotinin/ml. 
RESULTS
Proteoglycan synthesis by chondrocytes exposed to recombinant and non-recombinant insulin Chondrocytes were cultured for 3 days in the absence or presence of either recombinant human or nonrecombinant pig insulin, and the rates of proteoglycan synthesis were assessed. Although both insulin preparations stimulated the rate of synthesis of 35S-labelled proteoglycans relative to non-insulin treated cells (P < 0.001 at insulin concentrations > 1 ng/ml), the rat tumour chondrocytes were slightly more sensitive to the recombinant insulin than to non-recombinant insulin ( Fig. 1) . At the physiological concentrations of 1 ng of human insulin/ml and 2 ng of pig insulin/ml, the rates of proteoglycan synthesis were approximately double that of cells maintained in DMEM alone. Although the rate of proteoglycan synthesis was -6-fold higher for cells exposed to pharmacological concentrations of either species of insulin, an approx. 10-fold higher concentration of pig insulin was required to achieve the maximal rate of incorporation of radioactivity. By determining the relative 1251-insulin-binding activities of detergent-extracted and WGA-agarose-purified insulin receptors, the total number of insulin receptors present in cells cultured in DMEM alone was compared with that of cells cultured in the presence of insulin. As depicted in Fig. 2(a) , the extracts of cells maintained for 1 day in DMEM and pig insulin specifically bound 20 % more l25l-insulin than did extracts derived from cells cultured in DMEM alone (P < 0.1). By day 4 of culture, the specific binding of '25I-insulin to the receptors in the detergent extracts was -2-fold higher in the insulin-treated cultures (P < 0.01). This finding appeared to be mainly due to a decrease in the binding of the radiolabelled hormone to the receptors present in those cells that were cultured in DMEM alone. Scatchard-plot analyses revealed similar association constants for the solubilized receptors whether or not the cells were exposed to insulin (results not shown), indicating that the difference in '25I-insulin binding reflected differences in the number of high-affinity receptors. Similarly, when cells were cultured for 3 and 4 days in the presence of human recombinant insulin rather than pig insulin, the specific binding of "25I-insulin to the extracted receptors was 2.4-fold (mean, n = 2) higher than that of cells maintained in DMEM alone. The ratio of the trypsinsusceptible 125I-insulin-binding activity to the total 125I1 insulin-binding activity in cells cultured in insulincontaining media was consistently lower than that in cells cultured in just DMEM. During the first 3 days of the experiments depicted in Fig. 2(b) , the trypsinsusceptible 1251-insulin-binding activity for cell-surface receptors of chondrocytes cultured in insulin-containing media was actually lower than that of chondrocytes cultured in DMEM alone. After 4 days, however, chondrocytes cultured in insulin-containing DMEM had more trypsin-susceptible 125I-insulin-binding activity than did those cultured in insulin-free DMEM.
Acute effect of insulin on internalization of plasmamembrane insulin receptors In order to assess the effects of insulin on internalization of insulin receptors, the culture conditions were altered for only a short period of time, and the distributions of plasma-membrane and intracellularlocalized receptors were determined. After 1, 2, 3 or 4 days of culture, 25% of the cultures were solubilized immediately, 25 % were trypsin-treated before being solubilized, 25 % were exposed at 37°C for 30 min to DMEM containing 1 ,ug of insulin/ml before being solubilized, and 25 % were incubated first with insulin and then with trypsin before the cells were disrupted. As assessed by their trypsin susceptibility, the chondrosarcoma cells which were maintained in DMEM alone had 67-76 % of their total receptors on the cell surface for each of the 4 days of culture (Table 1) . After the short period of time of exposure to insulin, 50-K65 % of the total receptors were trypsin-sensitive, representing internalization of 14-25 % of the plasma-membrane-localized receptors into a trypsin-inaccessible compartment.
A similar experiment was then performed on cells that were cultured in insulin-containing DMEM for 1-4 days, to determine if removal of insulin from the culture media for a short period of time resulted in an increase of plasma-membrane receptors. Only 32-47 % of the total insulin receptors were expressed on the cell surface of chondrocytes cultured for 1-4 days in the presence of high concentrations of insulin (Table 2) . However, if these insulin-treated cells were washed and incubated for 30 min in insulin-free DMEM, the proportion of the total insulin receptors that were present on the surface increased to 52-68 %, representing an externalization of 45-68 % of the intracellular-localized receptors. The upregulation of the number of insulin receptors that occurred on long-term (> 4 days) (Fig. 2) , but not shortterm (Table 1) , exposure of these cells to insulin therefore indicates that either increased receptor synthesis or decreased receptor degradation overrides the cells' attempt to down-regulate these receptoxs via the normal internalization-translocation mechanism.
Vol. 254 Effect of insulin on the rate of synthesis and the rate of degradation of insulin receptors The heavy-isotope density-shift method was used to assess the effect of insulin on the metabolism of its receptor after 3' days of culture. Before the chondrocytes were exposed to culture media containing heavy amino acids, one prominent peak of '25I-insulin binding activity was obtained in the density-gradient fractions of the cell extracts (Fig. 3) . After 4-8 h of culture in the media containing heavy amino acids, a second peak of 125I. insulin-binding activity appeared at a higher density, and the ratio of 1251-insulin-binding to receptors in the 'heavy' and 'light' fractions increased as the incubation time increased. In the experiment shown, the amount of 1251-insulin bound to 'light' receptors decreased by -60 % and 25 % for chondrocytes cultured for 16 h in the absence and presence of insulin, respectively, relative to that of the starting cells. Fig. 4 represents the average of the data from three separate experiments in which the 1251-insulin-binding activity of 'light' (old) and 'heavy' (new) insulin receptors is compared with that of the starting cells cultured in DMEM containing pig insulin (Fig. 4a ) or in DMEM alone (Fig. 4b) . When cells were cultured in heavy media for 16 h, total ('light plus heavy') 1251-insulin binding activity increased slightly in the insulin-treated cultures (Fig. 4a ) but decreased slightly in non-insulin-treated cultures (Fig. 4b) . These latter findings are similar to those obtained with cells cultured in normal DMEM (Fig. 2) . The heavy-isotope densityshift method revealed that the major consequence of insulin treatment was an alteration in the regulation of the rate of receptor degradation. The ratio of "251-insulin binding for the old (or the 'light') receptor at the 16 h time point to the starting cells was 0.49, 0.34 and 0.76 for the three heavy-amino-acid isotope experiments in which cultures were exposed to insulin, and 0.16,0.13 and 0.43 for the corresponding non-insulin-treated cultures (P < 0.02). As assessed by the rate of disappearance of the 'light' receptor, the half-lives of the insulin receptors were estimated to be , 18 h for cells cultured in DMEM containing insulin and 10 h for cells cultured in DMEM alone.
DISCUSSION
Chondrocytes synthesize and secrete macromolecules that comprise the extracellular matrix of cartilage. We, as well as others, have demonstrated that the Swarm rat chondrosarcoma chondrocyte is uniquely responsive in vitro to physiological concentrations of pig insulin, producing large amounts of cartilage-like proteoglycans McCumbee & Lebovitz, 1980) , type II collagen (Bembenek et al., 1982) , hyaluronic acid (Mason et al., 1982) and other secretory proteins . Using human recombinant insulin (Fig. 1) , we demonstrate in the present study that it is insulin itself, rather than a possible contaminant, that is the factor responsible for the increased rate of synthesis of proteoglycans.
We have previously reported that exposure ofchondrosarcoma chondrocytes to pig insulin in vitro for 4 days induces an increase in the number of high-affinity insulin receptors on the plasma membrane (Stevens et al., 1983) . Since exposure of these cells to insulin does not result in increased plasma-membrane binding of 125I-IGF-II (Stevens et al., 1983) or 125I-T3 (Stevens et al., 1986) , this stimulative effect is relatively specific for the insulin receptor. The apparent up-regulation of plasma-membrane receptors could be due to inhibition of receptor degradation, stimulation of translocation of the receptor from an intracellular compartment to the cell surface, or an increased rate of synthesis of the receptor. In the present investigation we have used a trypsin-treatment procedure and low-temperature binding conditions to prevent insulin-receptor recycling (Marshall, 1985; Reed et al., 1984) . This was done to assess the relative distribution of cell-surface and intracellular receptors for cells exposed to insulin for either short periods of time (30 min; Although a 50 % decrease in the number of cell-surface insulin receptors was achieved at physiological concentrations of insulin (< 10 nM) in cultured mouse fibroblasts (Kadle et al., 1984) , human hepatocytes and rat hepatocytes (Kalant et al., 1984) , higher concentrations of insulin (> 0.1 M) were required to give the same effect in human colon carcinoma, human melanoma (Mountjoy et al., 1983) , human U-937 monocytes (Carpentier et al., 1984) and rat mammary tumour cells (Sorge & Hilf, 1982) . Furthermore, a lack of down-regulation was observed in certain human breastcarcinoma cell lines (Mountjoy et al., 1983) . Thus this modest decrease in the number of plasma-membrane insulin receptors on the rat chondrosarcoma chondrocyte after a short-term exposure to insulin may be a feature common to some transformed cells.
On exposure to insulin for 5 days, the chondrosarcoma chondrocytes possessed more total receptors and more plasma-membrane receptors than did cells maintained in DMEM alone (Fig. 2) . Since these cells are not dividing when cultured in the absence of fetal-calf serum , insulin is either inhibiting receptor degradation or stimulating receptor synthesis. The heavy-isotope experiments revealed that the half-life of the receptor was -18 h for chondrocytes cultured in the presence of insulin and -10 h for chondrocytes cultured in the absence of insulin (Figs. 3 and 4) . Thus the primary effect of insulin in vitro is due to a decrease in the rate of degradation of the insulin receptor. This finding is contrary to that obtained for all non-transformed cells that are exposed to insulin for extended periods of time. Although insulin does not have any effect on its own receptor's metabolism in myocytes (Standaert & Pollet, 1984) and chick liver cells (Krupp & Lane, 1981) , insulin tends to stimulate, rather than inhibit, the degradation of its receptor in other cells. For inst.ance, the half-lives of the insulin receptors in 3T3 mouse fibroblasts are 10.2 h and 4.2 h for cells cultured in the absence and presence of insulin respectively (Knutson et al., 1982) . One reason why the Swarm rat chondrosarcoma chondrocyte is so insulin-responsive in vivo and in vitro may be because it cannot properly regulate the number of functional insulin receptors on its cell surface. The net result of this abnormality in insulin-receptor regulation is that, as the cell is exposed to increasing amounts of insulin, rather than shutting down its overall anabolic pathway, this tumour cell becomes programmed to produce more cartilage matrix components.
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